We propose and demonstrate a high speed and high power polarization insensitive germanium photodetector (Ge PD) with lumped structure based on related parallel Ge absorption regions. Two absorption regions are double sides illuminated to optimize the space charge density and the two dimensional (2D) grating coupler is adopted for both coupling and polarization independent operation. Being different from previous reported high power scheme with separate absorption areas, the proposed structure is specifically designed with doubled but related Ge absorption regions, forming the equivalent parallel resistor and thus the parasitic parameter can be engineered to ensure a simultaneous large bandwidth. The bandwidth is measured to be >35 GHz, while the maximum current density is measured to be 1.152 3 mA/μm . The dark current and the responsivity of the proposed Ge PD are measured to be 1.82 μΑ and 1.06 A/W. Modulated signals experimentally validate the high speed operation and doubled power handling capacity for the proposed scheme. Furthermore, the bit error rate results show the superior performance for the proposed Ge PD at high photocurrent. 
Introduction
The photodetectors with large bandwidth, high saturation power and high linearity are greatly needed in optical communication, analog photonics and microwave photonics [1] [2] [3] . During the past decades, various kinds of high speed photodetectors with high-power handling capability based on III-V group materials have been demonstrated, such as the uni-traveling carrier (UTC) photodetector [4, 5] , the modified UTC (MUTC) photodetector [6] [7] [8] and the traveling wave photodetector array [9] . However, it suffered from high cost, poor thermal conductivity and hard to realize large scale integration. By contrast, silicon based devices featured with low cost, high thermal conductivity and easy compatibility with complementary metal oxide semiconductor (CMOS) technology seems a possible solution for these problems. As one of the key components of silicon photonics, the waveguide coupling germanium photodetector (Ge PD) has attracted great attention during the last decade [10] [11] [12] [13] [14] [15] [16] [17] [18] and most of the researches focus on the improvement of the dark current [12] , the responsivity [14] and the bandwidth [15, 17] . It is very meaningful to improve both the bandwidth and saturation power of the Ge PD simultaneously.
The carrier transit time and RC parasitic parameter are the two main factors that limit the frequency response of the lumped Ge PD [17] . The high speed operation can be realized either by reducing the carrier transit time or the parasitic parameter. On the other hand, thermal failure [19] and space-charge effect [19, 20] are the two main limiting factors for the saturation power. The thermal failure can be avoided by using high thermal conductivity material [7] while the space-charge effect can be reduced by optimizing the structure of the device or improving the carrier screening ability, such as making use of carrier velocity overshoot effects as in the UTC PD [1] , adopting travelling wave configuration to reducing the space charge density [1, 21] and increasing the applied voltage [19] . For silicon platform, the large thermal conductivity alleviates the thermal failure and improves the power handling capacity [22] . Although the Si/Ge UTC waveguide PD [22] and the parallel-fed travelling wave Ge PDs had been reported [23, 24] to realize high power operation, the lower bandwidth in the UTC structure and the complicated design in the traveling structure restrict the applications.
In this paper, we therefore propose and demonstrate, a new kind of high speed and high power lumped Ge PD composed of two parallel and related Ge absorption regions. As the doubled Ge absorption regions share the same signal and ground electrodes, the equivalent parallel resistor is formed and the total junction resistance is halved. Therefore, the bandwidth of the proposed Ge PD is not degraded even if the total Ge area and junction capacitance are both doubled. Each Ge region is illuminated on both sides through the two dimensional (2D) grating coupler and thus the absorption region is more effectively used to realize an improved space charge density and thermal distribution. Besides, such a device is polarization independent due to the polarization diversity characterization of the 2D grating. Under 3V reverse biased voltage, the measured bandwidth for the proposed PD is >35 GHz at 0.42 mA photocurrent, while the measured maximum photocurrent is 28.8mA, which corresponds to a normalized photocurrent density of 1.152 3 mA/μm . The dark current and the responsivity for this new kind of Ge PD are 1.82 μA and 1.06 A/W under 3V reverse biased voltage, while the values are 0.86 μA and 1.01 A/W for the typical case under the same condition. The high speed experiments with modulated optical signal validate the high speed operation and doubled power handling capacity for the proposed Ge PD. Furthermore, the measured 10 Gb/s bit error rate (BER) results also validate the superior performance for the proposed Ge PD under high photocurrent.
Device design and fabrication
For comparison, three schemes are designed and fabricated. The structures of the typical oneside illuminated (type A), the double-side illuminated (type B) and the proposed (type C) Ge PDs are shown in Figs. 1(a) to 1(c).
For type A, the input light is illuminated from one side of the absorption region and a one dimensional (1D) grating is used for coupling. In this case, the input light will decay exponentially according to -Γαz σ(z)=σ(0)e , where Γ is the confinement factor and α is the absorption coefficient of the Ge region [24, 25] . The simulated optical field absorption curve of the Ge-on-silicon (including the taper) structure is shown in Fig. 2(a) , which shows that most of the light is absorbed in the input part of the Ge region. The end part of the Ge region is thus insufficiently used due to the weak optical field, as the simulated optical field distribution in Fig. 2(b) shown.
For type B, both sides of the Ge region are fully used by double sides illumination, as first proposed in [24] , through a power splitter and a compact two-port 2D grating coupler. Compared with the single side illumination case in type A, where the increase of photocurrent is limited by the space charge effect and thermal failure within the characteristic length of the input part [24] , the double sides illumination can improve the power handling capacity of the Ge PD as the input signal power on each input part is halved by the splitter, and thus the total power can be further increased before the space charge effect is taking effect. Besides, the double sides illumination will enlarge the maximum optical input power before thermal failure since the optical field distribution is more uniform, which can be observed clearly by comparing Fig. 2 (b) to 2(e). However, such an improvement is limited for type B due to the limited and unchanged Ge region area [22] [23] [24] .
Therefore, the doubled Ge regions are adopted for type C to further increase its power handling capacity. The four-port 2D grating is used for guiding the input light into both two sides of the Ge regions. The two Ge regions share the same signal (S) conductor of the lumped ground-signal-ground (GSG) electrode, which is also the typical lumped structure used in types A and B. Thus, the complexity of the electrode design and fabrication process for the proposed structure is not increased. It should be noted that the grating loss of the three different kinds of grating coupler have been taken out during the analysis for a more fair comparison. Although the Ge absorption region is doubled to realized high power for type C, the large bandwidth can still be maintained based on the equivalent parallel junction resistor structure. In order to further understand its operation principle, the equivalent circuit model is adopted [15, 17, 18, 26] . For the typical Ge PIN PD (type A/B), it can be modeled as a simple RC circuit, as shown in Fig. 3(a) . In this circuit, pd C is the junction capacitance, pd R is the series resistance, load R is the equivalent load resistance and load C is the equivalent load capacitance. The cut off frequency of this equivalent RC circuit is usually described as Eq. (1).
For the proposed design of type C, both N++ regions on the top of each Ge region connect the common signal electrode (positive pole) while the P++ regions in the silicon share the same ground electrode (negative pole). Therefore, the total equivalent junction resistance/capacitance of the new design can be equivalent to the result of two resistors/capacitors in parallel, as shown in Fig. 3(b) . The total junction resistance will be halved while the total capacitance will be doubled theoretically according to the basic circuit theory. Therefore, the cut off frequency of the proposed Ge PD can be described as Eq. (2).
Due to the narrow intrinsic region of the Ge PD, the carrier transit time is small enough and can be largely ignored [15, 17] . Therefore, according to the Eq. (1) to (2), the bandwidth for type A/B and type C can be calculated, as shown in Fig. 3(c) . In Table 1 , pd C and pd R are the experimentally extracted value, while load C and load R are obtained from the simulation results. Figure 3(c) shows that the large bandwidth for type C will be maintained because the increased capacitance is almost totally counteracted by the reduced resistance. The devices are fabricated on the 220 nm thick silicon on insulator (SOI) wafer with 2 μm buried oxide (BOX) at the Institute of Microelectronics (IME) in Singapore. The input light propagates along the 0.5 μm wide single mode channel waveguide into the Ge absorption region and a 40 μm long taper is used for transition between the single mode waveguide and the multi-mode region below the Ge region. The etch depth for both the 1D and 2D grating is 70 nm. The width, length and height are 5 μm, 10 μm and 500 nm for single Ge region. The double-layer metals are deposited on it to form the electrode. Figure 4 
Device characterization
The DC test is performed for the three kinds of Ge PDs. The dark current is first measured and the results are shown in Fig. 5(a) . Similar results can be observed for types A and B while the dark current is doubled for type C, due to the doubled Ge absorption regions. Under 3 V reverse biased voltage, the dark currents are about 0.86, 0.89 and 1.82 μA for types A, B and C, respectively. Then the photocurrents under different input optical power are measured, as shown in Fig. 5(b) . During the measurement, the optical amplifier and attenuator is used to change the input optical power. It can be seen from Fig. 5(b) that the measured maximum photocurrent is about 15.6, 18.8 and 28.8 mA for the three Ge PDs when the net optical power in the waveguide is 18 dBm and the reverse biased voltage is 3 V. To be noted the measured optical power for type C has not reached the saturation value due to the power limitation of the available optical amplifier for signal inputting. However, it still can be seen from Fig. 5(b) that the proposed structure presents superior performance in terms of the high saturation power and the large linear region. In the linearity region, the responsivities are calculated to be 1.01, 0.99 and 1.06 A/W under 3 V reverse biased voltage for types A, B and C, respectively. Then the bandwidth is measured under 3V reverse biased voltage and 0.42 mA photocurrent, and the S 21 results are shown in Fig. 6(a) . The bandwidths are 35.4, 35.91 and 35.84 GHz for types A, B and C. It will decrease under high photocurrent condition because of the nonlinearity characteristic and space charge effect [24, 27, 28] . Figure 6 (b) shows the measured S 21 for the three kinds of PDs, at different photocurrents. Under a photocurrent of 13 mA, the bandwidth degrades to 0.75, 0.89 and 9.13 GHz for types A, B and C, respectively. The normalized RF output of type C is larger than type A and B at high photocurrent, which validates its superior power handling capacity. To verify the previous equivalent circuit model analysis, the series resistance of the Ge PD is extracted by measuring the forward biased photocurrent from + 0.5 to + 1V, which is a commonly used method [10, 13, 14, 16] . The total resistance for the typical (type A) and the proposed (type C) Ge PDs are measured to be 230 and 149 Ω , respectively. Considering the 50 Ω cable impedance, the total junction resistance for types A and C can be roughly estimated as 180 and 99 Ω , respectively. It can be concluded that the total junction resistance is reduced due to the parallel structure. Besides, the total capacitance can also be estimated as 19.55 and 29.8 fF for types A and C based on Eq. (1) and (2) . It should be noted that the estimated capacitance contains not only the junction capacitance but also the parasitic load capacitance between the pads. According to our simulation results, the parasitic load capacitance between the pads is about 10 fF. The junction capacitance is thus estimated as 9.55 and 19.8 fF for types A and C, which validate the junction capacitance of the proposed high power Ge PD is doubled due the parallel capacitor structure. The extracted relative large pd R compared with some literatures [10, 16] might be due to the different Ge region structure or different doping density. The small difference between the measured values and the fit parameters in Table 1 may be due to either fabrication variation of the PIN junction or an inexact fit of the Ge photodetector response. However, it still can be concluded that the total bandwidth of the type C Ge PD will be maintained because the doubled capacitance is counteracted by the halved capacitance.
In order to fully characterize the high speed and high power performance, the modulated signal at 10 Gb/s bit rates are utilized, with pseudo random bit sequence (PRBS) of 15 2 -1. The signals are coupled into the Ge PDs through the 1D/2D grating couplers. The converted RF signal is then injected into the digital communication analyzer (DCA: Agilent 86100C) for characterization while the reverse bias from the source meter (Keysight B2902A) is loaded on the chip through a bias-tee. The measured eye diagrams for the three types PDs are shown in Fig. 7 . All the Ge PDs show clear and open eye diagrams at lower photocurrent. The eye diagram begins to degrade when the photocurrent beyond 8 mA for type A and 11 mA for type B. By contrast, the threshold photocurrent of type C can be up to 16 mA. The measured RF power is about 2.6, 3.6 and 6 dBm for types A, B and C when the photocurrent is 18 mA. The improved power handling capacity accords well with the DC results in Fig. 5(b) . It can be concluded that the similar BER results can be observed when the three kinds of Ge PDs are operated in the linear region. With the increase of the photocurrent, the difference becomes obvious, and the superiority for type C Ge PD is getting larger. The BER is hard to measure when the photocurrent beyond 11 mA for type A and 13 mA for type B. It is worth noting that since the 2D grating coupler is utilized in the proposed structure, the Ge PD is polarization insensitive and can be very useful for the applications of polarization transparent or polarization multiplexed systems. Other 1 to 4 power splitters can also be utilized to achieve the same functionality.
Discussion
High power Ge PD have been demonstrated either based on the large evanescently coupled Ge PD [22] or traveling wave array structure [23, 24] . The comparison between the high power Ge PD in literatures and our proposed structure is shown in Table 2 . For large evanescently coupled Ge PD, the small bandwidth and the large dark current usually will be the limiting factors due the large cross section of the Ge absorption. On the other hand, for the traveling wave array structure, the complicated design of the electrode restricts its practicability and the bandwidth will also be limited by the parasitic parameters [23] . Besides, the dark current usually will be affected by the multiple stages of Ge absorption regions and the traveling wave electrode [24] . Based on the double sides illumination structure, the Ge absorption region is more effectively used and the photocurrent desity is thus improved greatly, as can be seen from Table 2 . The power handling capacity is further doubled based on the two related Ge aborption regions while the large bandwidth is maintained at the same time because the equivalent resistance is halved. Moreover, the device features with low dark current and high responsivity.
It should be noted that the doubled and related Ge regions are different from single Ge region with doubled length, in terms of power handling capacity. The improvement of power handling capacity is limited by simply doubling the PD length, because the input light is exponential absorbed in the Ge region and the increased length will not fully contribute to the photocurrent, in the case of large input optical power. However, in the proposed scheme, the Ge region is more effectively used by dividing and feeding the input power into several parts with separate but related configuration. The distribution of space charge will be more uniform, and the power handling capacity is thus improved significantly.
The bandwidth of the lumped Ge PD can be further improved though the gain peaking technology, which can be realized either based on the on chip [15] or the off chip inductor [17] . The saturation power of the lumped Ge PD can also be further enhanced by increasing the number of the related parallel Ge absorption regions. However, the large bandwidth will degrade even the equivalent junction resistance is reduced for the multiple parallel Ge absorptions. For example, if nine related Ge absorption region forming the parallel structure, the equivalent junction resistance will reduce to one ninth of the single Ge case while the equivalent junction capacitance will increase nine fold. Based on the fit parameter in Table 1 and the equivalent model in Fig. 2 , the bandwidth can be roughly estimated as 22 GHz. Therefore, the further increasement of the saturation power is at the expense of the degradation of its bandwidth.
On the other hand, the increase of the related Ge absorption regions is also restricted by the lumped model. Usually, the related Ge regions should have a certain distance because the slope profile of the grown Ge region [29] . Taking both the Ge width and distance between each Ge regions into consideration, the device will be too big to treat as a lumped model if more Ge regions are introduced [21, 23, 24] . Therefore, the related parallel two Ge absorption regions is preferable for realizing both large bandwidth and high power. It should be noted that the idea of double sides illumination and equivalent parallel resistance is universal for improving both the bandwidth and the power handling capacity at the same time. For instance, the double sides and parallel resistance structure can be combined with the large cross section Ge absorption region and multiple stages traveling structure to improve both its bandwidth and power handling capacity.
Conclusion
We propose and demonstrate a new kind of high speed and high power polarization insensitive lumped Ge PD based on two parallel and related Ge absorption regions. Thanks to the equivalent parallel resistor formed by the doubled parallel Ge regions, the high speed is realized while the power handling capacity is also doubled. The measured bandwidth under 3V reverse biased voltage and 0.42 mA photocurrent is 35.84 GHz for the proposed Ge PD while the measured maximum photocurrent is 28.8 mA. The high speed operation and doubled power handling capacity for the proposed Ge PD are achieved. Besides, the BER measurement is performed and the results shown the superior performance of the proposed Ge PD under high photocurrent. 
